Efficient entry of viruses into host cells and release of the viral genome are essential steps in the initiation of the infection cycle. Viruses have adapted to utilize various cell surface molecules as their receptors which often seem to direct the virus to use the clathrin-dependent pathway (23) . However, other entry mechanisms may also mediate the endocytosis of viruses (3) . The present understanding about non-clathrincoated endocytosis of viruses is mainly based on the entry mechanism of simian virus 40 (SV40) through caveolae (24, 28, 29) . Caveolae are caveolin-1-containing specific lipid invaginations in the plasma membrane, involved in cholesterol trafficking and potocytosis of small molecules (27) . They also contain molecules that play pivotal roles in intracellular signal transduction (20) .
An important question is whether the cell surface receptor interacting with the virus can regulate the entry process and guide the virus to a specific endocytosis route. One group of cell surface proteins, the integrins, is recognized by many viruses and can be used to study the role of virus receptors in the internalization process in general. The integrins are a large family of heterodimeric cell surface receptors mediating cellextracellular matrix and cell-cell adhesion (14) . Their natural ligands include extracellular matrix proteins, such as collagens, fibronectin, laminins, and tenascin, and also members of the immunoglobulin superfamily. Although many integrins recognize a short motif of three amino acids, arginine-glycine-aspartic acid (RGD), in their ligands (30) , the function of most members of the family is RGD independent.
Picornaviruses are small, nonenveloped RNA viruses which include several important human and animal pathogens. Echoviruses belong to the enterovirus genus of the Picornaviridae family and cause meningoencephalitis, carditis, and rashes as well as mild respiratory and enteric diseases (10) . Echovirus 1 (EV1) binds to ␣2␤1 integrin, a collagen receptor (6) , on the cell surface. Although the receptors of several members of the family have already been identified (9, 32, 33 ) the internalization process of picornaviruses has remained largely unclear. We demonstrate here that, unlike many other viruses, EV1 is not found in compartments associated with the clathrin-dependent internalization route. Instead, caveolae are involved in EV1 internalization. During virus entry, caveolin-1 and ␣2␤1 integrin colocalize with EV1 viral capsid proteins and migrate into the perinuclear area in the cell. Expression of dominant negative caveolin in cells inhibits EV1 infection, confirming the essential role of caveolae for the EV1 entry. Internalization of EV1 represents an entry mechanism that has not been previously described for any other picornavirus, demonstrating the importance of the caveola route in the internalization of human viral pathogens.
MATERIALS AND METHODS

Cells, antibodies, and reagents. SAOS cells (American Type Culture Collection [ATCC])
, which do not normally express the ␣2 integrin subunit, were stably transfected with an expression construct encoding the ␣2 integrin (SAOS-␣2␤1 cells) (15) . The ␣2/␣1 integrin mutant contained the intracellular tail of the ␣1 integrin subunit (SAOS-␣2/␣1␤1 cells) (15) . SAOS-pAW cells, which contain an empty expression vector, were used as a control in the experiments. The following antibodies were used: monoclonal antibodies (MAbs) against integrin ␣2 subunit (12F1, BD Pharmingen; MAB1950, Chemicon); rabbit antiserum (Transduction Laboratories) as well as MAbs (Transduction Laboratories, Zymed) against caveolin-1; rabbit antiserum against the cation-independent mannose 6-phosphate receptor (CI-MPR) (21); rabbit antisera (GB2) against trans-Golgi network protein 46 (TGN-46) (4), p23 (34) , and early endosome antigen 1 (EEA1) (22) ; MAb 1D3 to detect protein disulfide isomerase (PDI) (13) , rabbit antibody (AB730; Chemicon), as well as MAb (BM-63, Sigma) against human ␤2 microglobulin; MAb against class I HLA (W6/32) (5); MAb against hemagglutinin (HA) tag (Santa Cruz); rabbit antibody against human parechovirus (HPEV1) capsid proteins (16) ; and MAb against myc peptide (ATCC) to reveal a transferrin receptor (a kind gift from H. Garoff) (39) chimera with myc tag. Rabbit antiserum against purified EV1 was produced as follows.
Purified EV1 was used for immunization of rabbits by primary subcutaneous injection containing 15 g of the virus in Freund's complete adjuvant, followed by booster doses of 10 g in incomplete adjuvant 4 and 8 weeks later. The serum was collected 3 weeks after the last injection. When the antiserum was incubated with overlapping peptides covering the capsid proteins of EV1, most reactivity was observed with VP1, and some reactivity was also observed with the VP2 and VP3 peptides (P. Huttunen and T. Hyypiä, unpublished). Anti-EV1 antiserum had no cross-reactivity with the SAOS cells ( Fig. 1B and 2A) . Methyl ␤-cyclodextrin was obtained from Sigma.
Virus preparations. EV1 (Farouk strain) was obtained from the ATCC, and the virus was propagated in GMK or LLC cells. To obtain radioactively labeled EV1, infected GMK cells were incubated with [ 35 S]methionine (50 Ci/ml; Pharmacia Biotech) in MEM without L-methionine (GibcoBRL, Life Technologies). The virus was purified in sucrose gradients as described previously (1) . The infectivity of purified virus was determined by plaque titration. To infect cells, purified EV1 was used at a multiplicity of infection of 20, if not otherwise stated. Purified HPEV1 was also used in some experiments (16) .
Infectivity titration. Confluent SAOS-␣2␤1 and SAOS-␣2/␣1␤1 cells, infected with EV1, were harvested after different time periods. Three freeze-thaw cycles were performed to disrupt the cells, and the supernatant containing the virus was collected after centrifugation. The amount of intracellular virus synthesized in the SAOS cell lines was determined at dilutions of 10 Ϫ1 to 10 Ϫ12 in GMK cells.
After incubation for 7 days at 37°C, the cells were stained with crystal violet and the amount of infectious virus was expressed as end point titers.
Binding assay for EV1. SAOS-pAW and SAOS-␣2␤1 cells (200,000 cells/ assay) were suspended into 30 l of phosphate-buffered saline (PBS) containing 2 mM MgCl 2 (PBS-MgCl 2 ). [
35 S]methionine-labeled EV1 (75,000 cpm) was added on the cells and incubated for 1 h on ice. The cells were washed twice with PBS-MgCl 2 , and the pellet was suspended in PBS and analyzed for radioactivity in a scintillation counter (1450 Microbeta; Wallac).
Analysis of conformational changes of EV1 by sucrose gradient sedimentation. Confluent SAOS-␣2␤1 cells were detached in 0.02% Versene in PBS, pelleted, and washed twice with PBS. For the attachment of the virus, the cells were suspended in PBS-MgCl 2 , 150,000 cpm of [
35 S]methionine-labeled EV1 was added, and cells were incubated for 1 h on ice. The cells were then washed twice with PBS-MgCl 2 to remove any unbound virus and incubated at 37°C from 0 to 2 h in Dulbecco's MEM, containing 1% fetal calf serum. After cell lysis with 1% Triton X-100 (10 min on ice) and low-speed centrifugation, the supernatant was layered on a 5 to 20% (wt/vol) sucrose gradient and centrifuged for 2 h at 4°C and 150,000 ϫ g in a Beckman SW41Ti rotor. Fractions (500 l) were collected and analyzed for radioactivity in a scintillation counter. Samples containing only radiolabeled EV1 were used as control.
Immunoperoxidase staining for EV1. For immunoperoxidase staining experiments, the confluent SAOS-␣2␤1 cell monolayers in 24-well plates were first Immunofluorescence and confocal microscopy. Subconfluent SAOS-␣2␤1 cultures were infected by EV1 for various time periods and then fixed with cold methanol at Ϫ20°C for 6 min. Highly cross-absorbed goat secondary antibodies against rabbit (Alexa red, 546 nm; Molecular Probes, Inc.) and mouse (Alexa green, 488 nm; Molecular Probes, Inc.) antibodies were used in the labelings. The dilutions of the secondary antibodies used in the experiments gave negligible background. Nonspecific reactions between primary and secondary antibodies were not observed. The cells were mounted in mowiol and examined with an Axiovert 100 M SP epifluorescence microscope (Carl Zeiss) and a confocal microscope (Zeiss LSM510). For double-labeling experiments, multitracking for 488-and 546-nm laser lines was used in order to avoid false colocalization. In order to quantitate EV1 from the scanned cells, four slices from the center (2 m in total) were selected and projected together. From this projection, a histogram of intensity values was prepared with LSM510 program. A threshold value of 100 was selected for all the samples, and all intensity values from 100 to 250 were plotted. Frequency values were multiplied by the respective intensities, and the results were summed up for each sample. Statistical comparisons were performed using nonparametric Kruskal-Wallis one-way analysis of variance (MannWhitney U test). The double labeling images of EV1, caveolin-1, and ␣2␤1 integrin (see Fig. 4 and 7) are representative of at least 100 similar images.
Immunoisolation. Subconfluent monolayers were infected with EV1 for different periods of time as described above. After infection, the cells were scraped from the dishes into PBS and pelleted (150 ϫ g, 5 min, 4°C). The pellet was washed with homogenization buffer (3 mM imidazole, 0.25 M sucrose, 1 mM EDTA [pH 7]) and pelleted again. Homogenization was carried out in homogenization buffer by passing the pellet extensively through a 23-gauge needle. The homogenate was pelleted at 600 ϫ g for 10 min at 4°C, and 100 g of the postnuclear supernatant was then subjected to immunoisolation. M-450 Dynal beads (Dynal AS), coated with sheep anti-mouse immunoglobulin G (IgG), were pretreated the previous day by washing two times with PBS. Beads (2 ϫ 10 7 ) were then coated overnight with 3.75 g of mouse anti-caveolin-1 (clone 2234, Transduction Laboratories) or 3.75 g of nonspecific mouse IgG (Sigma) together with 1% bovine serum albumin (BSA). The coating was carried out overnight using end-over-end mixing, and the beads were then washed twice with PBS. The beads were incubated with the homogenates for 1 h by rotating end over end at 4°C. The UB fraction was stored for further analysis, and the beads were washed twice with PBS. The homogenate, a sample from the UB fraction, and the beads were diluted in Laemmli sample buffer and subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and immunoblotting. EV1 and caveolin-1 were visualized by rabbit anti-caveolin-1 or anti-EV1 antiserum, followed by anti-rabbit horseradish peroxidase conjugate (Bio-Rad) and chemiluminescent Super Signal substrate (Pierce).
Plaque titration for EV1 isolated from infected cells using anti-caveolin-1 beads. In order to measure the infectivity of the virus particles inside the caveola structures the immunoisolated material was treated with 0.5% SDS for 15 min on 
1858
MARJOMÄ KI ET AL. J. VIROL.
ice to release the virus from caveola structures. After centrifugation (1 min, 4°C, 16,000 ϫ g) the samples were diluted from 10 Ϫ2 to 10 Ϫ5 to 0.6% fetal bovine serum in Hanks' solution. The dilutions were incubated on confluent GMK cells at 37°C for 30 min, and the cells were then overlayered with carboxymethylcellulose. The cells were incubated for 2 days prior to staining with crystal violet and counting the average amount of the plaques in four parallel wells. The experiment was performed four times.
Transfection experiments. Subconfluent SAOS-␣2␤1 cells were transfected with HA-tagged wild-type caveolin-3 and dominant negative mutant caveolin-3 (Cav DGV ) (36) . Transfection was carried out using Fugene 6 reagent (Boehringer Mannheim) according to the manufacturer's instructions. After a 48-h incubation period the cells were infected with EV1. Ten hours postinfection (p.i.), the cells were methanol-fixed and incubated with antibodies against HA tag and EV1, followed by secondary antibodies. The number of transfected and infected cells was calculated using confocal microscopy. As a control experiment, transfection was also carried out in A549 cells as described above. After 48 h of incubation the cells were infected with HPEV1 (multiplicity of infection, 10) for 6 h. The cells were then fixed in methanol and labeled with antibodies against HPEV1 capsid proteins (rabbit polyclonal) (16) and mouse antibody against HA tag.
Electron microscopy. Monolayers of SAOS-␣2␤1 cells were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h, and then postfixed in 1% osmium tetroxide for 1 h in the same buffer, dehydrated in ethanol, stained with uranyl acetate, and embedded in LX-112. When internalization of EV1 via caveolae was studied, EV1 was first allowed to bind to cells for 1 h on ice and then washed three times with PBS containing bovine serum albumin (0.5 mg/ml). Cells were then incubated with EV1 antibodies for 1 h on ice, washed and treated with protein A-gold (5-nm-diameter particles; G. Posthuma and J. Slot, Utrecht, The Netherlands), also for 1 h on ice, and washed as described above. Protein A-gold dilutions that gave no nonspecific labeling were chosen. Cells were then either fixed immediately or allowed to internalize EV1 at 37°C in complete culture medium. Further preparation for electron microscopy was performed as described above. SAOS-pAW control cells treated with EV1 were negative for protein A-gold label, showing that immunolabeling was specific (data not shown). Samples for cryo-ultramicrotomy were fixed and processed as described previously (21) .
RESULTS
Integrin ␣2␤1 and ␤2 microglobulin are required for efficient EV1 infection in SAOS-␣2␤1 cells. We have previously generated human osteosarcoma SAOS cell clones transfected with ␣2 integrin cDNA (SAOS-␣2␤1 cells) (15) . One hour after the attachment of purified EV1 onto the cells on ice (indicated as 0 h p.i.), speckled staining was observed on SAOS-␣2␤1 cells with anti-EV1 rabbit antiserum (Fig. 1A) . Interestingly, EV1 was observed in an intracellular location 2 h p.i. (Fig. 1A) , clearly before the actual virus production took place (5 to 10 h p.i.) (Fig. 2E) . Anti-EV1 staining of control SAOS-pAW cells, transfected with an empty vector, showed very low signal, confirming the previous observations that ␣2␤1 integrin is needed for EV1 infection (Fig. 1B) . Immunoblotting of SAOS-pAW and SAOS-␣2␤1 cell homogenates showed that only in SAOS-␣2␤1 cells was there a clear increase in the amount of EV1 capsid proteins 12 h p.i. (Fig. 2A) . In addition, the blot confirmed that the antiserum does not bind nonspecifically to cellular proteins. In accordance with these results, a binding assay with radioactively labeled EV1 showed that only 0.5% of virus was bound onto SAOS-pAW cells, compared to over 70% binding onto SAOS-␣2␤1 cells (Fig. 2B) .
The possible role of other putative receptors in the initiation of infection was studied by inhibiting the infection by specific antibodies. HLA-1 may participate in the entry of SV40 (38) , and ␤2 microglobulin may be involved in the entry process of certain picornaviruses (42) . The cells were preincubated with antibodies against the cell surface molecules and infected with the virus. Ten hours p.i., the number of infected cells was determined by EV1 antiserum using immunoperoxidase staining. In the experiments only a small proportion of control SAOS-pAW cells were positive for viral antigens (Fig. 2C) . When SAOS-␣2␤1 cells were preincubated with antibodies against ␣2␤1 integrin, 12F1 reduced the infectivity by 56% Ϯ 2%, whereas MAB1950 was more efficient and reduced the infectivity by 86% Ϯ 1% (Fig. 2D) . Two antibodies against ␤2 microglobulin, AB730 and BM-63, also reduced the infection efficiently (blocking effect was 95% Ϯ 0.2% and 94% Ϯ 0.3% for AB730 and BM-63, respectively) (Fig. 2D) . When cells were pretreated with a combination of anti-␣2 integrin and anti-␤2 microglobulin antibodies, the infection decreased by 96% Ϯ 0.2%. On the other hand, an antibody against HLA-1, which is expressed in association with ␤2 microglobulin on the cell surface, did not have any apparent effect on infection (Fig.  2D) . These results support the previous finding that antibodies against ␤2 microglobulin have an inhibitory effect on EV1 infection (42) . Whether this protein is directly involved in EV1 entry needs further investigation.
To study the role of the intracellular domain of ␣2 integrin subunit in EV1 infection, the SAOS cells were transfected with a cDNA construct coding for a chimeric ␣ subunit in which the intracellular part of the ␣2 subunit was replaced by the corresponding sequence of the ␣1 subunit. In accordance with previous studies (18) , the mutation of the cytoplasmic domain of ␣2 integrin had little if any effect on the replication of EV1 in cell culture (Fig. 2E) .
The structural changes in the virus particle during the early events of the infection were also analyzed. Radiolabeled EV1 particles were allowed to attach to cell surface for 1 h on ice, and subsequently, the temperature was shifted to 37°C for 0.5 to 2 h. The cells were collected, and the sedimentation of cell-associated virus was analyzed in sucrose gradients (Fig. 3) . It is known that native poliovirus 1 sediments at 160S, and particles that have lost the VP4 polypeptides sediment at 135S while 80S particles represent empty capsids lacking also the RNA genome. Sucrose gradient analysis showed that prior to binding to the cells, the virus sedimented exclusively as the 160S form. After 1 h of incubation on ice, EV1 associated with SAOS-␣2␤1 cells sedimented as 160S and approximately 135S particles, where the latter ones predominated (40% Ϯ 10% in the 160S form and 55% Ϯ 5% in the so-called 135S form, expressed as mean values of three independent measurements) (Fig. 3A) . Thirty minutes to 2 h p.i. incubation at 37°C resulted in the appearance of 80S empty capsids (30 min p.i., 25% Ϯ 5%, 2 h p.i., 35% Ϯ 5%) (Fig. 3B) .
Integrin ␣2␤1 is internalized in association with EV1. EV1-infected SAOS-␣2␤1 cells were double-labeled with antibodies against EV1 and ␣2 integrin subunit (Fig. 4A) . Colocalization of integrin ␣2 subunit with ␤1 subunit was confirmed in separate experiments, which indicated that ␣2 is not expressed alone but as the ␣2␤1 heterodimer as expected (not shown). Attachment of EV1 onto the plasma membrane did not cause any apparent alteration in the distribution of the integrin, and colocalization of EV1 and ␣2␤1 integrin was most obvious on the cell boundaries (Fig. 4A) . However, perinuclear localization of EV1 in some SAOS-␣2␤1 cells (12%) was already seen after 5 min of incubation at ϩ37°C. Interestingly, EV1 colocalized in the perinuclear accumulations with ␣2␤1 integrin. Thirty minutes p.i., 30% of the cells showed perinuclear accu- mulation of ␣2␤1 integrin and EV1. This redistribution increased in a linear manner during the first hours of infection, and at 2 h p.i., already 70% of the cells showed perinuclear colocalization of EV1 and ␣2␤1 integrin (Fig. 4A) . Although ␣2␤1 integrin and ␤2 microglobulin exhibited some colocalization on the cell surface after EV1 attachment (not shown), double-labeling experiments 2 h p.i. indicated that there was no significant colocalization of ␤2 microglobulin with ␣2 integrin subunit in the perinuclear region (Fig. 4B) . Internalized EV1 and ␣2␤1 integrin do not colocalize with markers of the clathrin-dependent endocytosis route. Many viruses use the clathrin-dependent endocytic route when entering the cell. We used EEA1 as a marker for early endosomes (22) and transferrin receptor (TF) as a marker for early sorting and recycling endosomes (11) . In order to visualize the TF, a myc-tagged transferrin receptor (TF-myc) construct was expressed in the cells by using a Semliki Forest virus expression system prior to EV1 infection.
Our recent studies on another picornavirus, HPEV1, showed that this virus uses the clathrin-dependent pathway and thus accumulates in EEA1-positive early endosomes and CI-MPR-positive late endosomes after 5 and 30 min, respectively (16) . However, we found no colocalization of EV1 with EEA1 or TF-myc, suggesting that EV1 did not enter the cells through early endosomes (Fig. 5) . Similarly, staining with TGN-46 antibody (labels the trans-Golgi network [4] ), p23 antibody (a marker for the cis-Golgi network [34] ; not shown) and CI-MPR (found primarily in the late endosomes) revealed no detectable colocalization with ␣2␤1 integrin or EV1 (Fig. 5) .
Concomitant internalization of EV1 and ␣2␤1 integrin with caveolin-1. Electron micrographs indicated that the surface of SAOS-␣2␤1 cells is rich in caveolae (Fig. 6A) . Incubation of infected cells for 30 min at 37°C caused the appearance of EV1 in vesicular structures with characteristics of caveolae (spherical vesicles, approximately 60 to 90 nm in diameter and without a visible coat) (Fig. 6B and C) . Caveola-like vesicles were observed in the peripheral cytoplasm, close to the plasma membrane, but in some cells also near the nucleus in large accumulations (Fig. 6D) . Colocalization of caveolin-1 and EV1 was shown by double immunolabeling of cryosections ( Fig. 6E  and F) , further confirming that the EV1-containing vesicles represent caveolae. After 2 h of incubation at 37°C, some of the internalized structures seemed to be surrounded by a limiting membrane (Fig. 6D) . It is possible that the membranecontaining viral capsid proteins may have been taken up by autophagy or that capsid proteins may have entered a preexisting membranous organelle, e.g., smooth-surface endoplasmic reticulum (ER).
Confocal microscopy showed scattered, small-vesicular distribution of caveolin-1 in uninfected SAOS-␣2␤1 cells (not shown) and in infected SAOS-␣2␤1 cells immediately after EV1 attachment (Fig. 7A) . However, between 30 min and 2 h p.i., caveolin-1 showed considerable perinuclear staining (Fig.  7B ) and colocalization with EV1 (Fig. 7C ) and ␣2␤1 integrin (Fig. 7D ) in characteristic perinuclear vesicular accumulations. After 2 h p.i., caveolin-1 and ␣2 integrin were colocalized in 74% of the cells, and caveolin-1 colocalized with EV1 in intracellular structures in 73% of the cells, suggesting that the viral capsid polypeptides, the integrin, and caveolin-1 were codistributed to perinuclear structures during the infection.
Kartenbeck et al. (17) and Pelkmans et al. (29) have shown that 3 to 5 h p.i., SV40 enters the ER. In EV1 infection, double-labeling with PDI, a marker for ER, showed no colocalization (data not shown), indicating that the EV1-integrincaveolin-1 complex did not enter ER during the first 2 h p.i. However, it is possible that EV1 capsid proteins could enter the smooth-surfaced part of the ER which does not accumulate PDI.
EV1 capsid proteins can be isolated in association with caveolin-1. In order to confirm the association of EV1 with caveolae we used a protocol developed by Oh and Schnitzer (26) and modified by us to immunoisolate caveola structures. In the isolation protocol we used an antibody that recognizes caveolin-1 in intact caveola structures but not caveolin-1 that is outside these structures (26) . After EV1 had attached to the receptor, a significant fraction of viral proteins could already be isolated with anti-caveolin-1 beads, suggesting that EV1 may bind directly to caveola-like membrane domains (Fig. 8) . Incubation of the cells for 15 min at 37°C increased the amount of EV1 in caveolae. In contrast, EV1 was not enriched when isolated with control beads coated with nonspecific mouse IgG from the same homogenate samples, confirming that the protocol was specific for caveolae (Fig. 8 ). In addition, we could isolate a larger amount of ␣2␤1 integrin with anti-caveolin-1 antibodies 15 min p.i. than after virus binding on cells (0 h p.i.), suggesting that also ␣2␤1 integrin is recruited to caveolae shortly after virus binding (data not shown). We further tested whether the immunoisolated caveola structures contain virus particles that are still infectious. We treated the immunoisolated structures with 0.5% SDS for 15 min in order to release the virus particles. The plaque titration showed that immunoisolated caveola structures contained infective virus. The samples immunoisolated with anti-caveolin-1 beads produced 22 Ϯ 6 plaques (10 Ϫ4 dilution), while control beads gave only 0.3 Ϯ 0.3 plaques (mean value of four parallel measurements). In the same experiment, SDS-treated postnuclear supernatant gave 220 Ϯ 10 plaques.
Dominant negative caveolin inhibits EV1 infection.
To verify the role of caveolae in EV1 entry, an expression construct coding for dominant negative caveolin (36) was transfected into SAOS-␣2␤1 cells, and the proportion of EV1-infected cells among the transfected cells was calculated ( Table 1) . Expression of wild-type caveolin had no effect on EV1 infection, whereas dominant negative caveolin (Cav DGV ) caused a 66% inhibition of infection (mean value for the three separate experiments) ( Table 1 ), suggesting that intact caveolae are essential for the initiation of an efficient EV1 replication cycle.
As a control we used another picornavirus, HPEV1, that we have previously shown to enter cells via the clathrin-dependent pathway (16) . Expression of the dominant negative caveolin in A549 cells showed no significant reduction in the infection with HPEV1 (27% Ϯ 0.1%, while the control was 28% Ϯ 1%), suggesting that the dominant negative caveolin does not interfere with the clathrin-dependent pathway. Methyl ␤-cyclodextrin treatment, which affects cholesterol distribution and destroys caveolae, decreased the incidence of infection in cells exposed to virus from 63 to 9% (Table 2) . Furthermore, methyl ␤-cyclodextrin decreased the amount of virus capsid proteins internalized to the perinuclear region (Table 2 ) and decreased the amount of cells showing perinuclear colocalization of EV1, caveolin-1, and ␣2␤1 integrin, performed as pairwise labelings (Table 2) .
DISCUSSION
Receptor-mediated entry and conformational changes of EV1. In agreement with the previous studies (6, 7, 42) , EV1 infection in SAOS-␣2␤1 cells could be blocked by using antibodies against either ␣2 integrin subunit or ␤2 microglobulin. It is not currently clear whether ␤2 microglobulin acts as a coreceptor or whether its involvement in EV1 entry is indirect.
The receptor-mediated conformational alterations in the virion structure are considered to be an essential step in the internalization and genome release of picornaviruses. Whether the release of their RNA takes place in intracellular vesicles (as in the clathrin-mediated endocytosis route) or directly through the cellular plasma membrane is still unclear. The sucrose gradient centrifugation analysis showed a shift from the native 160S form to approximately 135S particles shortly after EV1 binding on the surface of SAOS-␣2␤1 cells, prior to the temperature shift needed for internalization of the virus. It is not clear, however, whether this conformational change is directly due to binding of the virus to ␣2 integrin, or whether virus binding to the receptor enhances interaction with some other membrane protein(s). Our unpublished results suggest that the so-called 135S particles of EV1 might differ from those of poliovirus 1 (V. Pietiäinen and T. Hyypiä, unpublished results). When the internalization of the virus proceeded at 37°C, the proportional amount of intracellular 80S empty capsids increased remarkably during the first 2 h of infection. Since the a The SAOS-␣2␤1 cells were transfected with HA-tagged wild-type caveolin-3 or dominant negative caveolin for 48 h and then infected with EV1. Ten hours p.i., the cells were labeled with rabbit anti-EV1 and mouse anti-HA antibodies. The proportion of infected cells among the transfected ones was calculated using a confocal microscope. The experiment was carried out three times. The results are from three parallel samples. The number of cells used for the calculation is in parentheses.
b The reduction of infection due to Cav DGV transfection was statistically significant (P ϭ 0.05; Kruskal-Wallis one-way analysis of variance).
location where viral RNA is released from the capsid is difficult to determine by the currently available methods, more structural data on the virus-receptor interactions will be needed to understand these phenomena in more detail.
EV1 is internalized through caveolae in vesicles containing ␣2␤1 integrin and caveolin-1. For picornaviruses, contradictory data about the entry mechanisms have been reported. For example, polioviruses have been suggested to infect cells through directly forming pores in the cell membrane (40) , by clathrin-coated endocytosis (46, 47) , or by crossing a membrane barrier in the form of a 135S particle leading to the further uncoating in the cytoplasm (19) . Recently, DeTulleo and Kirchhausen compared the entry mechanisms of human rhinovirus 14 (HRV14) and poliovirus 1 in HeLa cells and, based on studies with mutated dynamin, suggested that HRV14 utilizes a clathrin-mediated endocytosis pathway, whereas poliovirus 1 does not appear to use this route (9) . However, since dynamin is also needed for pinching off caveola vesicles from the plasma membrane (12, 25) , the mutant dynamin does not distinguish between different endocytic pathways. Schober et al. have shown recently that internalization of the major group HRVs, which use ICAM-1 as their cellular receptor, leads to rupture of endosomes followed by release of subviral particles into the cytoplasm (37) . The members of the minor receptor group of HRVs recognize low-density lipoprotein receptor, internalize into endosomes, and release their genomes into the cytoplasm through a pore in the endosomal membranes (31) . We studied previously the entry pathway of HPEV1 and showed by colocalization with markers of the early and late endosomes that HPEV1 uses the clathrin-dependent pathway (16) . Here, we tested further HPEV1 infection in cells expressing dominant negative caveolin, and as expected, we found no inhibition of infection, confirming that HPEV1 does not rely on the caveola route.
Endocytosis via caveolae has been previously proposed for two viruses, SV40 and respiratory syncytial virus (2, 17, 45) . Interestingly, it has also been reported that both ␣2 and ␤1 integrin subunits associate with caveolin-1 (43, 44) , the main protein component of caveolae (35) . A close connection between ␣2␤1 integrin and caveolin-1 is also proposed by our finding that antibody cross-linking of ␣2␤1 integrin causes copatching of caveolin-1 (Marjomäki et al., unpublished) . Here, the internalization of EV1 via caveolae was supported by several facts. First, a clear colocalization of the virus with caveolin-1 was detected by both confocal and electron microscopy as well as after immunoisolation with anti-caveolin-1-coated beads in cells which are rich in caveola-like membrane domains. Second, the internalized structures containing EV1 and ␣2␤1 integrin did not colocalize with markers of the clathrindependent endocytosis pathway. Third, the endocytosis of EV1 could be prevented by expression of dominant negative caveolin, the same expression construct which can block the endocytosis of SV40 (2) .
According to recent data, in addition to endocytic caveolar transport vesicles, there is a pool of caveolin-1 that is associated with a heat shock protein-chaperone-cholesterol complex trafficking from ER to the plasma membrane (41) . Since EV1 and ␣2␤1 integrin are translocated from the plasma membrane to the perinuclear region, they are most probably associated with the caveolin-1-containing endocytic transport vesicles. Evaluation of the immunoisolated caveola structures showed that, in addition to EV1 capsid proteins, they contain ␣2␤1 integrin and, based on infectivity titration, also infective virus. More precise knowledge of the localization and timing of RNA release from the capsid will help us to understand the mechanisms of caveola-mediated endocytosis in EV1 infection.
In the case of SV40, virus particles were found inside ER before the replication of the virus (17) . Here, the EV1 capsid proteins were transported to perinuclear structures, rich in vesicles containing caveolin-1 and also ␣2␤1 integrin, but negative for the used markers of ER. Thus, the internalization route of EV1 may be different from the one used by SV40.
The role of integrins in virus internalization. It is possible that the receptor largely determines the endocytosis route of the virus. Here, ␣2␤1 integrin was not only required for endocytosis, but it was also internalized with the viral proteins. SV40 binds to major histocompatibility complex class I molecules and is translocated to the caveolin-enriched membrane domain (2, 3). However, major histocompatibility complex class I molecules are not internalized together with SV40 (3). Given the fact that integrins can bind to caveolin-1 (43) , it is possible to hypothesize that EV1 takes advantage of this interaction to reach the caveolin-dependent endocytosis route. The process of integrin internalization after binding of soluble ligands is incompletely understood, and the same mechanisms that regulate integrin-mediated virus entry might be involved in the endocytosis of the natural ligands. For example, in endothelial cells ␣2␤1 integrin mediates a pinocytic process leading to the formation of intracellular vacuoles that coalesce to form capillary lumens (8) . Thus, mechanisms that regulate ␣2␤1 integrin recycling may also have more general biological significance. e Statistical significance was measured using Kruskal-Wallis one-way analysis of variance (P Ͻ 0.001).
